Mammalian oxytocin (OXT) is a neuroendocrine peptide produced primarily by paraventricular and supraoptic nuclei in the hypothalamus, and it is released into circulation via the pituitary gland. The most prominent roles of OXT include parturition and milk ejection. Both of these physiological events require tissue sensitization with significant upregulation of OXT receptor (OXTR) expression in the smooth muscle of the uterus and the mammary gland, respectively \[[@bib1]\]. In addition to its role in reproduction, OXT was also shown to induce psychological and behavioral changes, including enhanced maternal behaviors in female mice \[[@bib4]\] and rats \[[@bib5], [@bib6]\], increased bonding behaviors in voles \[[@bib7], [@bib8]\], and prosocial behaviors in humans \[[@bib9], [@bib10]\]. As a result, OXT was tested in clinical trials for treating autism and Prader-Willi syndrome \[[@bib11]\]. Owing to its analgesic and anxiolytic central effects, OXT is also being tested in clinical trials to treat pain \[[@bib16], [@bib17]\] and alcohol dependence and withdrawal \[[@bib18]\].

More recently, OXT was found to play a critical role in metabolism and energy homeostasis. Chronic OXT treatment led to weight loss in human \[[@bib22]\], diet-induced obese (DIO) rhesus monkey \[[@bib23]\], and various obese rodent models \[[@bib24]\]. Peripheral administration \[IP or subcutaneous(ly) (SC)\] of OXT suppressed food intake in DIO mice \[[@bib26]); central administration of OXT also led to food suppression in lean rats \[[@bib28], [@bib29]\] and DIO rats \[[@bib30], [@bib31]\]. Similarly, nasal OXT treatment reduced food or snack intake in healthy human volunteers \[[@bib32]). Interestingly, a stronger effect on food suppression was observed in subjects with obesity vs lean human subjects \[[@bib35]). Furthermore, clinical nasal OXT treatment suppressed hypothalamic activation to images of palatable food \[[@bib36]\], enhanced the activities of brain regions that exert cognitive control \[[@bib34]\], and reduced the activities of brain regions associated with both hedonic and homeostatic food motivation in human subjects \[[@bib37]\]. Most recently, OXT, in combination with naltrexone, was shown to successfully curb hypothalamic obesity in a 13-year old male patient \[[@bib38]\]. These anorexigenic effects of OXT are likely mediated by OXTR-expressing neurons in several brain regions, including the arcuate nucleus of the hypothalamus \[[@bib39]\], the ventral medial nuclei of the hypothalamus \[[@bib40]\], and brain stem neurons \[[@bib25], [@bib30], [@bib41]\]. Additionally, OXT also acts on the reward circuitry, including the ventral tegmental area to regulate feeding \[[@bib32], [@bib37], [@bib42]\]. In addition to its role in appetite control, OXT also plays important roles in thermoregulation \[[@bib30], [@bib43]\] and energy expenditure in rodents \[[@bib40], [@bib47], [@bib48]\] and monkeys \[[@bib23]\]. Acute OXT treatment also improved glycemic control by regulating insulin and glucagon secretion in humans and dogs \[[@bib49]\]. Some studies demonstrated chronic OXT treatment-mediated improvements of glycemic control in DIO mice \[[@bib26]\] and rats \[[@bib24]\]. Other studies, however, demonstrated worsening of glycemic control by OXT treatment in different rodent models, including genetically obese (ob/ob) mice \[[@bib53]\] and genetically obese Zucker rats \[[@bib54]\]. Aside from these metabolic effects, OXT was also found to promote bone health \[[@bib55]\] and muscle regeneration \[[@bib56]\], reduce inflammation \[[@bib57]\], prevent cardiomyocyte hypertrophy \[[@bib58], [@bib59]\], and protect against ischemia/reperfusion-induced cardiac damage \[[@bib60], [@bib61]\], suggesting a broad potential for the therapeutic use of OXT or OXT analogs.

Native OXT peptide lacks receptor selectivity and can activate several vasopressin receptors \[[@bib62]\]. OXT also has an extremely short half-life of 3 to 5 minutes \[[@bib62]\]. To understand the specific role of the OXTR pathway in metabolism, more selective and long-acting OXT peptide analogs are needed. In this study, we report the generation of a selective OXT peptide analog (OXT^Gly^) and a selective, fatty acid--conjugated long-acting analog (acylated-OXT^Gly^). We compared both peptides to the native OXT and its long-acting fatty acid--conjugated OXT analog (acylated-OXT) in various acute and chronic metabolic studies. We found that although native OXT (1 to 3 mg/kg, equivalent to 0.99 to 2.98 μmol/kg, IP) acutely suppressed food intake and increased mean arterial pressure (MAP), the OXTR-selective OXT^Gly^ (1 to 3 mg/kg, equivalent to 1.05 to 3.16 μmol/kg, IP) had little effect on either food consumption or MAP. Food intake suppression by OXT (2 mg/kg, equivalent to 1.98 umol/kg, IP) is abolished in the presence of vasopressin receptor 1a (V1a) and vasopressin receptor 2 (V2) inhibitor conivaptan (0.5 mg/kg, IP). Both OXT (2 mg/kg, equivalent to 1.98 μmol/kg, IP) and OXT^Gly^ (2 mg/kg, equivalent to 2.11 μmol/kg, IP) acutely stimulated insulin, glucagon, and glucagon-like peptide 1 (GLP-1) secretion *in vivo*, resulting in improved glycemic control in glucose tolerance tests (GTTs). Chronic administration of the long-acting acylated-OXT (2 μmol/kg, SC) in DIO mice resulted in significant fat and lean mass reduction, whereas chronic administration of acylated-OXT^Gly^ (2 μmol/kg, SC) caused significant fat mass reduction with no change in lean mass, thereby resulting in a moderate weight loss. Chronic treatment of both long-acting OXT analogs led to an improved lipid profile. Taken together, our results suggest the therapeutic benefits of OXT-related peptide analogs in both acute glycemic control and chronic lipid metabolism.

1. Methods {#s1}
==========

A. Peptide Synthesis {#s2}
--------------------

Peptides were synthesized by solid-phase peptide synthesis using established Fmoc/tBu protocols. Specifically, an automated peptide synthesizer (Symphony, Protein Technologies, Tucson, AZ) was used. Rink amide AM was the starting resin to generate the corresponding C-terminal amide peptides, and couplings were mediated by diisopropylcarbodiimide/Oxyma in dimethylformamide with fivefold excess of reagents. For acylated-OXT and acylated-OXT^Gly^, Lys side chain at position 8 was protected with Alloc, and after Alloc removal at the end of the peptide synthesis using Pd(PPh~3~)~4~ and phenylsilane in dichloromethane, incorporation of the linker and fatty acid in the side chain was accomplished following similar Fmoc/tBu protocols. After cleavage of the peptides from the solid support, disulfide formation for peptides OXT, acylated-OXT, and acylated-OXT^Gly^ was carried out with iodine in aqueous acetic acid conditions containing acetonitrile, excess iodine was quenched with aqueous ascorbic acid, and the solution was diluted in 0.1% trifluoroacetic acid aqueous solution. All crude peptides after cyclization were purified using reversed-phase chromatography. Purified fractions were pooled and lyophilized to generate final powder as trifluoroacetate salts. Peptides were characterized by liquid chromatography/mass spectrometry (LC/MS). The lyophilized peptides were formulated in either dimethyl sulfoxide or aqueous buffers for *in vitro* or *in vivo* testing, respectively.

B. *In Vitro* Receptor Activity Assays {#s3}
--------------------------------------

For fluorometric imaging plate reader (FLIPR) calcium assays, AV12 cell clones stably expressing human OXTR, V1a, or vasopressin receptor 1b (V1b) were generated by selection against hygromycin. Cells were plated at 80,000 cells per well in 96-well, back-wall clear-bottom plates (Becton Dickinson, Franklin Lakes, NJ, catalog no. 354640) and incubated at 37°C overnight. The next day, medium was replaced with 50 μL of Fluo-4 loading buffer (Molecular Probes, Eugene, OR, catalog no. F36205), and cells were incubated for 1 hour at 37°C. Fluo-4 was then removed and replaced with Hanks balanced salt solution. Peptides with serial dilutions were prepared in Hanks balanced salt solution buffer and added to each well, and Fluo-4 fluorescent signal was read in a Tetra FLIPR machine (Molecular Devices, San Jose, CA) in real time. Concentration response curves for each peptide were generated by subtracting background fluorescence from peak fluorescence value at each peptide concentration.

For cAMP assays, HEK-293 cells were transiently transfected with a DNA construct encoding human V2 receptor. Forty-eight hours after transfection, cells were trypsinized and plated at 10,000 cells per well in half area 96-well white plate (Costar, Washington DC, catalog no. 3688) and cultured overnight. The next day, medium was removed and replaced by cAMP assay buffer (Cisbio, Bedford, MA, catalog no. 62AM4PEB). Serial dilutions of peptides were prepared in cAMP assay buffer, added to each well, and incubated with cells for 30 minutes. Cells were lysed and cAMP values were measured in an Envision plate reader (PerkinElmer, Waltham, MA) by following the manufacturer's protocol (Cisbio, catalog no. 62AM4PEB).

C. Animals and Treatments {#s4}
-------------------------

All animal procedures were approved by the Eli Lilly Institutional Animal Care and Use Committee to ensure compliance with Federal guidelines. Male, lean C57BL/6 and male C57BL/6 DIO mice were purchased from Taconic Biosciences (Hudson, NY) and individually housed in a controlled environment vivarium with room temperature between 22.2°C and 23.9°C on a 12-hour light/12-hour dark cycle. The mice had *ad libitum* access to water and were fed either normal chow (catalog no. 2014, Teklad, Madison, WI; Envigo, Indianapolis, IN) or a 60% high-fat diet (catalog no. D12492; Research Diets, New Brunswick, NJ). In some studies, body composition analysis was conducted on mice using quantitative nuclear magnetic resonance (EchoMRI, Houston, TX), whereby mice were placed in a clear plastic tube that was inserted into the instrument for ∼1 minute or less. Body composition, including whole-body fat, lean mass, and free and total water were analyzed with MRI-based technology. Mice were euthanized via isoflurane and either serum or plasma was collected via cardiac puncture for downstream analysis.

D. Food Intake Studies {#s5}
----------------------

Each mouse received only one injection during the acute food intake studies. For acute food intake study, 12-week-old male C57BL/6 mice (n = 7 per group) were individually housed and fasted at the beginning of the dark cycle for 16 hours, followed by a single dose of OXT (IP) or its analogs (IP) along with immediate refeeding. The dosages for each drug are depicted in the figures and legends. The time 0 began with an initial weighing of food immediately after dosing, followed by food weighing in various increments of time, including 1, 2, 3, 4, 6, 24, and 36 hours. For the acute food intake study involving the vasopressin inhibitor conivaptan, individually housed 12-week-old male C57BL/6 mice (n = 6 per group) were dosed with vehicle or conivaptan (0.5 mg/kg, IP) at the start of the dark cycle, and food was taken away immediately after dosing. After a 16-hour fast, these mice were dosed again with conivaptan (0.5 mg/kg, IP), OXT (2 mg/kg, IP), or a combination of conivaptan (0.5 mg/kg, IP) plus OXT (2 mg/kg, IP) followed by refeeding. Food was weighed at 1, 2, and 3 hours after the second dosing. Conivaptan was dissolved in aqueous solution containing 2.5% dimethyl sulfoxide and 10% *β*-cyclodextrin sulfobutyl ethers (Captisol^®^). The same solution was used to inject animals of the vehicle control group and the OXT group.

The food intake study with central nervous system delivery of OXT and OXT^Gly^ was performed by free-hand intracerebroventricular (ICV) injection as previously described \[[@bib63]\]. Briefly, 4-week-old male C57BL/6 mice (n = 6 per group) were individually housed and acclimated with daily handling for 5 days. At the end of fifth day, food was taken away at the start of the dark cycle. After a 16-hour fast, 3 μL of OXT (1 mg/mL), OXT^Gly^ (1 mg/mL), or vehicle was injected into the third ventricle of conscious mice by free-hand injection. Mice were put back in their home cage, and food intake was measured for 1, 2, 4, and 6 hours. The behavior of the mice was monitored for the first hour after injection, which included vocalization and scratching/grooming. Vocalization is defined by a high-pitched squeaking sound, which was only observed in OXT-injected mice but not in vehicle- or OXT^Gly^-injected mice. Grooming is defined as self-cleaning--like behavior using the front paws, whereas scratching is defined as self-cleaning--like behavior using the hind paws. Injection site accuracy was verified by *post hoc* examination of the brain. Because the free-hand ICV drug delivery does not involve anesthetics, mouse behaviors can be monitored immediately after the injection.

E. Chronic OXT Analog Treatment in DIO Mice {#s6}
-------------------------------------------

Twenty-week-old DIO mice (n = 7 per group) were fed with a high-fat diet (Research Diets, catalog no. D12492) beginning at 4 weeks of age and were individually housed. OXT (2 μmol/kg), acylated-OXT (2 μmol/kg), and acylated-OXT^Gly^ (2 μmol/kg) were injected (SC) once daily. The study began with an initial 16-hour fast, followed the next morning by dosing of OXT analogs and immediate refeeding and weighing food. The mice were dosed (SC) daily, and food and body weight were successively measured thereafter, daily, for the duration of the study.

F. GTTs {#s7}
-------

Individually housed C57BL/6 lean mice (n = 6 per group) or DIO mice (n = 6 per group) were fasted for 4 hours prior to the start of GTTs. Thirty minutes prior to dextrose injection, the mice were IP injected with OXT (2 mg/kg) or OXT^Gly^ (2 mg/kg). Thirty minutes later, the mice received IP injections of 1 or 2 mg/kg dextrose (Hospira, Lake Forest, IL), and subsequent blood glucose was measured by AccuCheck Aviva standard blood glucose monitors (Roche Diagnostics, Indianapolis, IN) from blood samples collected via venipuncture of the tail vein at baseline and 15, 30, 60, and 120 minute time points.

G. Pharmacokinetic Measurement by Mass Spectrometry {#s8}
---------------------------------------------------

For pharmacokinetic studies, 11-week-old C57BL/6 mice (n = 3 per group) received a single injection (1 mg/kg, IP) of OXT analogs (either OXT, OXT^Gly^, acylated-OXT, or acylated-OXT^Gly^). Plasma was collected via cardiac puncture at 0.5, 1, 3, 6, and 24 hours postinjection. Plasma samples were stored at −80°C until analysis.

Formic acid was added to 50 µL of mouse plasma sample to a final concentration of 4%. Peptides were then extracted from the acidified plasma using 3 volumes (150 µL) of acetonitrile, followed by a 2-hour incubation on ice. Extraction supernatants were dried under nitrogen gas, and the resulting pellets were resuspended with 150 µL of 0.1% formic acid in water. These samples were subjected to LC/MS analysis using a Shimadzu LC-30AD and a Sciex 6500+ triple quadrupole mass spectrometer. Chromatographic separation was achieved using a Waters XBridge C18 (2.1 × 50 mm, 3.5 µm) analytical column held at 40°C. Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. Using a flow rate of 0.6 mL/min, mobile phase B was held at 2% for 0.5 minutes followed by a 15% to 95% ramp for 3.3 minutes. Mobile phase B was then held at 95% for 1.2 minutes before returning to 2% for reequilibration. Mass spectra were collected in the scheduled multiple reaction monitoring mode with positive polarity and unit resolution. For each OXT analog, the parent→b6 transition was primarily monitored. The resulting data were analyzed using the Sciex MultiQuant 3.0.2 software.

Standard curves for each OXT analog were generated using a mouse plasma pool spiked with synthetic OXT peptide analogs and the above extraction and LC/MS detection methodologies.

H. Rat Blood Pressure Telemetry {#s9}
-------------------------------

DIO male Long-Evans rats (Envigo) were maintained on a calorie-rich diet (catalog no. TD95217; Teklad) since weaning. The rats were individually housed in a temperature-controlled (24°C) facility with a 12-hour light/12-hour dark cycle. Surgery was performed to implant the blood pressure transmitter when the rats were 15 weeks old. Briefly, rats were anesthetized with 3% isoflurane. Under aseptic conditions, a 2- to 3-cm incision was made at the inner thigh above the left femoral triangle, and the femoral artery was isolated. A mid-abdominal incision was carried out and the electric transmitter (model TA11PA-C40; Data Sciences International, St. Paul, MN) was sutured to the inside of abdominal muscles. The catheter of the transmitter was punched and passed through the abdomen into the left femoral triangle using a 14-gauge, 1.5-inch syringe needle as a trocar, followed by insertion into the femoral artery up to about 5 cm until reaching the position of the renal arteries. The transmitter was fixed within the peritoneal cavity by suturing to the abdominal muscles. The proximal suture was tied around the vessel and catheter, and the distal suture was tied around the catheter to secure. Both incisions were closed, and the rats were allowed to recover from surgery for 2 weeks and then were placed in individual cages.

The animals (n = 6 per group) were 40 weeks of age when the blood pressure study was performed. Various doses (0.3 mg/kg, 1 mg/kg, 3 mg/kg) of OXT and OXT^Gly^ were IP injected following an escalating dose design. Briefly, each rat from the OXT and the OXT^Gly^ groups received a low dose (0.3 mg/kg), a medium dose (1 mg/kg), and a high dose (3 mg/kg), with 24 hours of recovery time between each dose, whereas blood pressure and food intake were monitored continuously in real time throughout the experiment. Digitized pressure signals were acquired for 30 seconds every 5 minutes using DSI Dataquest IV 4.0 software.

I. Acute Incretin and Hormone Measurements in Mice {#s10}
--------------------------------------------------

Sixteen-week-old C57BL/6 male (n = 5 per group per time point) were individually housed and fasted for 16 hours at the start of dark cycle. The next day, animals were IP injected with OXT (2 mg/kg) or its analog OXT^Gly^ (2 mg/kg) and placed back into their home cage without food. At given time points (15, 30, 60, and 180 minutes) after injection, the groups of animals were euthanized and their plasma was collected by cardiac puncture. Plasma concentrations of insulin, glucagon, GLP-1, and gastric inhibitory peptide (GIP) were measured as described below.

J. Biochemical Assays {#s11}
---------------------

Glucagon (catalog no. K150HCC) \[[@bib64]\] and total GLP-1 (catalog no. K150JVC) \[[@bib65]\] were assayed using Meso Scale Discovery (Rockville, MD) multi-array system kits. Active GIP was measured in plasma via rat/mouse GIP (total) ELISA (catalog no. EZRMGIP-55K; Millipore, Burlington, MA) \[[@bib66]\]. Briefly, plasma EDTA tubes (catalog no. 365974; BD Biosciences, Franklin Lakes, NJ) were kept at 4°C or on ice and pretreated with aprotinin (catalog no. BP2503; Fisher Scientific, Hampton, NH) and dipeptidyl peptidase IV inhibitor (catalog no. DPP4-010; Fisher Scientific) to prevent natural breakdown of GLP-1 and GIP. Plasma was collected via cardiac puncture into microtainer tubes, centrifuged for 20 minutes at 2000 rpm at 4°C, and analyzed using the above-mentioned kits by following the manufacturers' protocols. Insulin was measured using an in-house assay based on the MSD platform. In some studies, serum was collected in SST tubes (catalog no. 365967; BD Biosciences) and submitted to our in-house Clinical Pathology Group for a clinical chemistry panel performed on the Roche Hitachi P modular chemistry analyzer. Specifically, creatinine was examined via enzymatic method and blood triglycerides were glycerol banked. Liver triglycerides were measured in a Hitachi Cobas instrument. Briefly, livers that had been previously flash-frozen and stored at −80°C were weighed and used to prepare a 20% homogenate in deionized water on the FastPrep-24 (MP Biomedicals, Santa Ana, CA). The samples were diluted 1:4 in at least 75 μL of water and run as "supernatant" on the instrument.

K. Insulin and Glucagon Secretion by Primary Mouse and Human Islets {#s12}
-------------------------------------------------------------------

Mouse pancreatic islets were isolated from male C57BL/6 mice (27 to 30 g, Harlan Laboratories, Indianapolis, IN) by collagenase digestion. Human pancreatic islets were purchased from Prodo Laboratories (Irvine, CA) and InSphero (Schlieren, Switzerland) and obtained from human pancreata from listed cadaver organ donors that were refused for primary human pancreas transplantation or from isolated islets transplanted into listed recipients with diabetes.

Islets were cultured in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (Life Technologies), 100 IU/mL penicillin, and 100 μg/mL streptomycin (Life Technologies). Insulin secretion in mouse and human pancreatic islets was measured as follows: islets were incubated for 30 minutes in Earle's balanced salt solution (EBSS) buffer supplemented with 3 mM glucose and 0.1% BSA. Then groups of three islets were selected and cultured with peptides in 300 µL of EBSS for 60 minutes at 37°C. At the end of incubation, the supernatant was collected and subjected to insulin analysis. To measure insulin and glucagon secretion in human pancreatic islets from InSphero, single islets placed in a GravityTRAP 96-well plate (InSphero) were washed and incubated for 30 minutes in 100 µL of EBSS supplemented with 0.1% BSA and 5 mM glucose. Then the buffer was replaced with 100 µL of EBSS containing indicated glucose and peptide concentrations and further cultured for 60 minutes at 37°C. At the end of incubation, the supernatant was collected and submitted for insulin and glucagon analysis as mentioned above.

L. Real-Time RT-PCR {#s13}
-------------------

Tissues, including liver and fat, were obtained at the end of the study, snap frozen in liquid nitrogen, and subsequently stored at −80°C. RNA was isolated from frozen tissues using TRIzol reagent (catalog no. 15596018; Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol. Briefly, the tissues were homogenized in TRIzol using FastPrep-24. 1-Bromo-3-chloropropane (catalog no. BP 151; Molecular Research Center, Cincinnati, OH) was added for phase separation, after which the aqueous layer containing RNA was removed into a deep-well plate. The RNA was ethanol precipitated, purified using the a PerfectPure RNA 96 cell kit (5 Prime, Hamburg, Germany), and quantified using a NanoDrop 8000 (Thermo Scientific). Five hundred nanograms to 2 μg (tissue-dependent) of cDNA was generated using a high-capacity reverse transcription kit (catalog no. 43368814; Thermo Fisher Scientific) according to the manufacturer's protocol. RT-PCR was performed using mouse TaqMan (Applied Biosystems, Foster City, CA) hydrolysis probes, Fast Advanced Master Mix (catalog no. 444965; Applied Biosystems), and the ABI QuantStudio 7 Flex real-time PCR system (Thermo Fisher Scientific). Results were tissue-dependently normalized to the housekeeping genes 18S, RPLP0, or hypoxanthine phosphoribosyltransferase.

M. Statistical Analysis {#s14}
-----------------------

Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Values were obtained using either two-way ANOVA or one-way ANOVA with Dunnett multiple comparisons. Values are expressed as the mean ± SEM, and significance was established at *P* \< 0.05.

2. Results {#s15}
==========

A. Receptor Selective OXT Peptide Analogs {#s16}
-----------------------------------------

To identify OXT peptide analogs that are specific to OXTR, we first replaced the cysteine at position 1 with a butyryl N-terminal capping group that forms a covalent thioether bond with the side chain of cysteine at position 6 (OXT^Butyryl^). OXT^Butyryl^ also contains *O*-methylated tyrosine at position 2 and has the same chemical structure as carbetocin, a US Food and Drug Administration--approved OXT analog. We found that this N-terminal modification resulted in increased receptor selectivity against vasopressin receptors without affecting OXTR activation \[[@bib67]\]. Next, we replaced proline at position 7 with glycine on OXT^Butyryl^ and named this new peptide analog OXT^Gly^ \[[@bib67]\]. We then tested OXT^Gly^ selectivity against the OXTR, and V1a and V1b using a FLIPR calcium assay, and V2 using cAMP assays. As shown in [Fig. 1](#fig1){ref-type="fig"}, OXT^Gly^ is highly selective against V1a, V1b, and V2, and it retained similar OXTR activity compared with OXT. When compared with a small-molecule OXTR-specific agonist (WAY-267464), OXT^Gly^ showed similar OXTR selectivity and superior OXTR potency \[[@bib67]\]. Therefore, OXT^Gly^ is a potent and selective peptide ligand for OXTR.

![Receptor selectivity of OXT peptide analogs. (A) FLIPR assay of AV12 cells stably expressing human OXTR. (B) FLIPR assay of AV12 cells stably expressing hV1a. (C) FLIPR assay of AV12 cells stably expressing hV1b. (D) cAMP assay of HEK-293 cells transiently expressing hV2.](js.2019-00004f1){#fig1}

B. OXT^Gly^ Functions as a Highly Selective OXTR Agonist *In Vivo* {#s17}
------------------------------------------------------------------

A known physiological action of vasopressin is vasoconstriction leading to increased blood pressure \[[@bib68]\]. Because native OXT partially activates vasopressin receptors whereas OXT^Gly^ does not, we tested whether treatment with these peptides would differentially affect blood pressure. Consistent with previous reports \[[@bib69]\], OXT (IP) dose-dependently caused a statistically significant increase of MAP in DIO Long-Evans rats \[[@bib67]\]. In contrast, OXT^Gly^ (IP) did not result in detectable MAP increase over baseline at any dose tested \[[@bib67]\]. Together with receptor selectivity assays ([Fig. 1](#fig1){ref-type="fig"}), these results suggest that OXT^Gly^ functions as a selective OXTR agonist both *in vitro* and *in vivo*.

C. Generation of Nonselective and Selective Long-Acting OXT Peptide Analogs Using Fatty Acid Modification (Acylation) as a Time Extension Strategy {#s18}
--------------------------------------------------------------------------------------------------------------------------------------------------

Next, we sought to extend the half-life of OXT peptides by covalently attaching a fatty acid moiety to the peptide backbone. Fatty acids act as noncovalent albumin-binding motifs resulting in extended peptide pharmacokinetics. We performed a peptide backbone scan to replace each amino acid in the OXT sequence with a lysine-(AEEA)~2~-(*γ*E)~2~-C18 dicarboxylic acid moiety including the N-terminal (position 0) and C-terminal extended sequence (position 10), with the exception of the two cysteine residues. The analog with a lysine-(AEEA)~2~-(*γ*E)~2~-C18 dicarboxylic acid moiety replacing the leucine at position 8 was the most potent out of this series at the OXTR and had a similar selectivity profile to native OXT ([Fig. 1](#fig1){ref-type="fig"} and data not shown). This peptide analog was named acylated-OXT \[[@bib67]\]. Consequently, we replaced proline at position 7 in the acylated-OXT with glycine to generate the acylated-OXT^Gly^ analog \[[@bib67]\] and showed that it retained similar OXTR activity compared with acylated-OXT ([Fig. 1A](#fig1){ref-type="fig"}), and that it was highly selective for the OXTR relative to V1a, V1b, and V2 ([Fig. 1B--1D](#fig1){ref-type="fig"}). Therefore, we successfully generated potent nonselective and selective acylated-OXT analogs for *in vivo* evaluation.

D. Pharmacokinetics of OXT Peptide Analogs {#s19}
------------------------------------------

We measured the pharmacokinetics of OXT, OXT^Gly^, acylated-OXT, and acylated --OXT^Gly^ using mass spectrometry. When IP injected into C57BL/6 mice, OXT and OXT^Gly^ had similar short pharmacokinetics profiles. Plasma levels of OXT and OXT^Gly^ peaked at around 30 minutes after injection and dropped quickly to below detection in \<3 hours ([Fig. 2A](#fig2){ref-type="fig"}). This result is consistent with numerous reports that OXT peptide has a very short half-life ranging from a few minutes in humans \[[@bib70]\] and rats \[[@bib71]\] to 10s of minutes in monkeys \[[@bib72]\], and it suggests that neither the butyryl substitution at the N terminus nor the glycine substitution at position 7 led to half-life extension *in vivo*. In contrast, the acylated-OXT and acylated-OXT^Gly^ had significantly prolonged exposure *in vivo*. The plasma levels of these two long-acting peptide analogs peaked between 1 and 4 hours postinjection and remained \>50% of the peak concentration at 24 hours after the initial dose ([Fig. 2B](#fig2){ref-type="fig"}). Both OXT and OXT^Gly^ yielded significantly lower levels of detection in plasma compared with acylated peptides ([Fig. 2A](#fig2){ref-type="fig"} vs [Fig. 2B](#fig2){ref-type="fig"}), which is consistent with their extremely short half-lives being less than the first detection time point of 30 minutes. In summary, fatty acid conjugation significantly extended the half-life of OXT peptides *in vivo*.

![Pharmacokinetics of OXT peptide analogs in mice. (A and B) Sixteen-wk-old naive male C57BL/6 mice (n = 3 per group) received a single dose (1 mg/kg, IP) of OXT or OXT^Gly^ (A) or acylated-OXT or acylated-OXT^Gly^ (B). Plasma was collected at 0.5, 1, 3, 6, and 24 h after dosing via cardiac puncture. Circulating levels of each peptide were quantified by mass spectrometry analysis.](js.2019-00004f2){#fig2}

E. Dynamic and Differential Effects of OXT Analogs on Food Consumption {#s20}
----------------------------------------------------------------------

Next, we tested the effect of OXT peptide analogs on food intake in lean C57BL/6 mice. Consistent with previous reports, OXT (IP) dose-dependently suppressed food intake in 16-hour fasted animals ([Fig. 3A](#fig3){ref-type="fig"}). A high dose (2 mg/kg, equivalent to 1.98 μmol/kg, IP) of OXT led to reduction in food intake for up to 24 hours, but not at 36 hours postinjection ([Fig. 3B](#fig3){ref-type="fig"}). In contrast, a medium (1 mg/kg, equivalent to 0.54 μmol/kg, IP) or high (4 mg/kg, equivalent to 2.14 μmol/kg, IP) dose of acylated-OXT significantly suppressed food consumption for \>24 hours in a dose-dependent manner ([Fig. 3B](#fig3){ref-type="fig"}). The sustained food suppression effect by acylated-OXT is consistent with its pharmacokinetic property *in vivo* ([Fig. 2B](#fig2){ref-type="fig"}).

![Food intake suppression by OXT analogs is modulated by their pharmacokinetic properties and receptor selectivity. (A) A single injection (IP) of OXT dose-dependently suppressed food intake in lean male C57BL/6 mice (n = 7 per group) for up to 3 h. (B) A single injection (IP) of acylated-OXT dose-dependently suppressed food intake in lean male C57BL/6 mice (n = 7 per group) for up to 36 h. (C) Various doses of OXT^Gly^ (IP) did not cause reduction in food intake in lean male C57BL/6 mice (n = 7 per group). (D) Twenty-four hour food intake measurement after a single injection (IP) of OXT (2 mg/kg) or OXT^Gly^ (2 mg/kg) in lean male C57BL/6 mice (n = 7 per group). (E) Various doses of acylated-OXT^Gly^ (IP) did not cause food intake reduction in lean male C57BL/6 mice (n = 7 per group). (F) Food intake after coinjections (IP) of conivaptan (0.5 mg/kg) and OXT (2 mg/kg) in lean male C57BL/6 mice (n = 6 per group). For OXT, 1 mg/kg = 0.99 μmol/kg; for OXT^Gly^, 1 mg/kg = 1.05 μmol/kg; for acylated-OXT, 1 mg/kg = 0.54 μmol/kg; for acylated-OXT^Gly^, 1 mg/kg = 0.55 μmol/kg. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, two-way ANOVA followed by a Tukey multiple comparisons test.](js.2019-00004f3){#fig3}

To examine whether an OXTR-selective agonist would similarly inhibit food intake, we tested the effect of OXT^Gly^ on food consumption. As shown in [Fig. 3C](#fig3){ref-type="fig"}, IP administration of OXT^Gly^ at various dosages did not cause a statistically significant reduction in food intake during the first 3 hours postinjection ([Fig. 3C](#fig3){ref-type="fig"}). We further compared the effects of high-dose OXT vs OXT^Gly^ side by side in a 24-hour food intake study. As shown in [Fig. 3D](#fig3){ref-type="fig"}, OXT (2 mg/kg, equivalent to 1.98 μmol/kg, IP), but not OXT^Gly^ (2 mg/kg, equivalent to 2.11 μmol/kg, IP), caused a significant reduction in food intake for the first 6 hours postinjection. Cumulative food consumption in the OXT^Gly^-treated group trended lower compared with the vehicle group and reached statistical significance at 24 hours after treatment ([Fig. 3D](#fig3){ref-type="fig"}). To exclude the possibility that the lack of an effect of OXT^Gly^ is due to its inability to access brain regions responsible for food intake regulation, we directly injected OXT^Gly^ into the central nervous system via ICV injection and measured its effect on food intake in 4-week-old 16-hour fasted male C57BL/6 mice. Whereas OXT (3 μg per mouse, ICV) acutely suppressed food consumption at 1 hour after dosing, OXT^Gly^ (3 μg per mouse, ICV) did not produce any effect on food consumption at all the time points measured \[[@bib67]\]. Finally, we tested whether the long-acting acylated-OXT^Gly^ affected food intake. As shown in [Fig. 3E](#fig3){ref-type="fig"}, treatment with various doses of acylated-OXT^Gly^ (IP) did not affect food intake in 16-hour fasted mice. Consistent with these data in mice, we also found that OXT (IP), but not OXT^Gly^ (IP), treatment dose-dependently led to reduced food intake in DIO rats \[[@bib67]\]. Taken together, these results suggest that the acute food intake suppression observed following OXT administration is mediated, at least in part, via activation of vasopressin receptors.

To further test this hypothesis, we conducted a food intake study in the presence of a US Food and Drug Administration--approved vasopressin receptor blocker, conivaptan, which inhibits both V1a and V2 \[[@bib73]\]. Consistent with our hypothesis, conivaptan (0.5 mg/kg, IP, see *Methods* for details) coadministered with OXT (2 mg/kg, IP) abolished OXT's effect on food intake suppression ([Fig. 3F](#fig3){ref-type="fig"}).

F. OXT Analogs Improve Glycemic Control in Lean and Obese Mice {#s21}
--------------------------------------------------------------

To test whether OXT analogs affect blood glucose regulation, we conducted an IP GTT (ipGTT) in lean C57BL/6 mice. Both OXT (2 mg/kg, IP) and OXT^Gly^ (2 mg/kg, IP) treatments led to moderate yet statistically significant reductions of blood glucose ([Fig. 4A and 4B](#fig4){ref-type="fig"}). The blood glucose, as measured by the area under the curve (AUC), was reduced by 14.5% ± 8% and 11.7% ± 7% for OXT and OXT^Gly^ treatments, respectively, when compared with vehicle treatment ([Fig. 4A and 4B](#fig4){ref-type="fig"}). We subsequently tested these OXT analogs in DIO mice and found that administration of either OXT (2 mg/kg, IP) or OXT^Gly^ (2 mg/kg, IP) led to a much greater reduction in blood glucose in the ipGTT. Blood glucose AUC was reduced by 47.2% ± 5.5% and 42.8% ± 4.8% for OXT and OXT^Gly^ treatments, respectively, when compared with vehicle treatment ([Fig. 4C](#fig4){ref-type="fig"}).

![OXT and OXT^Gly^ treatment improved glycemic control in lean and obese animals. (A) Effect of OXT (2 mg/kg, IP) on ipGTT in lean 16-wk-old C57BL/6 mice (n = 6 per group). (B) Effect of OXT^Gly^ (2 mg/kg, IP) on ipGTT in lean 16-wk-old C57BL/6 mice (n = 6 per group). (C) ipGTT study comparing OXT (2 mg/kg, IP) vs OXT^Gly^ (2 mg/kg, IP) in 16-wk-old DIO C57BL/6 mice (n = 6 per group). The curves were analyzed using two-way ANOVA followed by a Dunnett multiple comparisons test. An unpaired *t* test was used to analyze the AUC in panels (A) and (B); a one-way ANOVA followed by a Dunnett multiple comparisons test was used to analyze the AUC in panel (C). For all analyses: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001.](js.2019-00004f4){#fig4}

G. OXT Analogs Stimulate Secretion of Endocrine Hormones and Incretins {#s22}
----------------------------------------------------------------------

To understand how OXT analogs regulate blood glucose, we measured levels of circulating hormones after OXT analog injection into C57BL/6 mice. As shown in [Fig. 5](#fig5){ref-type="fig"}, administration of both OXT (2 mg/kg, IP) and OXT^Gly^ (2 mg/kg, IP) led to rapid increases in circulating levels of insulin ([Fig. 5A and 5A′](#fig5){ref-type="fig"}), glucagon ([Fig. 5B and 5B′](#fig5){ref-type="fig"}), and GLP-1 ([Fig. 5C and 5C′](#fig5){ref-type="fig"}). The level of active GIP was not affected by either OXT or OXT^Gly^ administrations ([Fig. 5D and 5D′](#fig5){ref-type="fig"}).

![OXT stimulates insulin, glucagon, and GLP-1 secretion. OXT (2 mg/kg) (A--D) and OXT^Gly^ (2 mg/kg) (A′--D′) were IP injected into 16-wk-old C57BL/6 mice (n = 5 per group per time point) 30 min prior to the first blood hormone measurements. Mice were killed at given time points, and circulating hormones including insulin (A and A′), glucagon (B and B′), GLP-1 (C and C′), and active GIP (D and D′) were measured. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, two-way ANOVA followed by a Dunnett multiple comparisons test. An unpaired *t* test was used to analyze the AUC.](js.2019-00004f5){#fig5}

Furthermore, we asked whether OXT analogs directly regulate insulin secretion. We treated mouse primary islets with OXT and OXT^Gly^ and measured insulin secretion. Both OXT and OXT^Gly^ dose-dependently stimulated insulin secretion from isolated mouse primary islets ([Fig. 6A](#fig6){ref-type="fig"}). Surprisingly, neither OXT nor OXT^Gly^ stimulated insulin secretion in isolated human islets ([Fig. 6B](#fig6){ref-type="fig"}). We also examined whether OXT analogs affect glucagon secretion in these islets. Incubation of human islets in the presence of low glucose (3 mM) increased glucagon secretion relative to high-glucose (11 mM) medium ([Fig. 6C](#fig6){ref-type="fig"}). In the presence of high glucose, OXT^Gly^ significantly increased glucagon secretion compared with the high-glucose control--treated islets ([Fig. 6C](#fig6){ref-type="fig"}), suggesting that the OXT pathway directly stimulates human *α*-cells to secrete glucagon.

![OXT and OXT^Gly^ directly stimulate insulin and glucagon secretion from primary islets. (A) Isolated mouse islets were treated with OXT and OXT^Gly^ for 2 h in the presence of 11 mM glucose. OXT and OXT^Gly^ dose-dependently increased insulin secretion into culture medium compared with vehicle treatment. (B) Isolated human islets were treated with OXT and OXT^Gly^ for 2 h in the presence of 3 mM or 11 mM glucose. Insulin secreted into culture supernatant was quantified. (C) Isolated human islets treated with OXT and OXT^Gly^ for 2 h in the presence of either 3 mM glucose as control or 11 mM glucose. Glucagon secreted into culture supernatant was quantified. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, one-way ANOVA followed by a Dunnett multiple comparisons test against the vehicle control group.](js.2019-00004f6){#fig6}

H. OXT Analogs Promote Weight Loss in Obese Mice {#s23}
------------------------------------------------

Native OXT peptide treatments were previously shown to cause weight loss in rodents \[[@bib22], [@bib24], [@bib26], [@bib30], [@bib31], [@bib74]\], monkeys \[[@bib23]\], and humans \[[@bib22]\]. We hypothesized that long-acting OXT analogs would result in a more substantial effect on body weight reduction, compared with native OXT, due to their superior pharmacokinetics. To test this, we chronically treated DIO mice with long-acting OXT analogs and compared their effects to native OXT peptide treatment. As shown in [Fig. 7A](#fig7){ref-type="fig"}, daily injection of OXT (2 μmol/kg, SC) led to a significant body weight reduction (−5.8% ± 0.7%) compared with vehicle treatment during a 14-day treatment. Consistent with our hypothesis, acylated-OXT treatment (2 μmol/kg, SC) led to a significantly greater (−13.2% ± 0.7%) weight loss ([Fig. 7A](#fig7){ref-type="fig"}). Treatment with acylated-OXT^Gly^ (2 μmol/kg, SC) also led to a significant (−6.7% ± 1.7%) weight loss compared with vehicle treatment that was similar to that observed with OXT treatment ([Fig. 7A](#fig7){ref-type="fig"}). Interestingly, the weight loss effect by acylated-OXT appeared as early as 1 day after initial injection and plateaued after 4 days of injection ([Fig. 7A](#fig7){ref-type="fig"}), whereas acylated-OXT^Gly^ treatment induced a gradual reduction in body weight with sustained and statistically significant weight loss after 9 days of treatment ([Fig. 7A](#fig7){ref-type="fig"}).

![Long-acting acylated-OXT and acylated-OXT^Gly^ promote weight loss and lipid metabolism *in vivo*. Twenty-week-old C57BL/6 DIO mice (n = 7 per group) were dosed daily with OXT analogs (2 μmol/kg, SC) for 2 wk. (A) Cumulative body weight change. (B) Cumulative food consumption. (C) Fat and lean mass were measured by quantitative nuclear magnetic resonance at the beginning and end of study. (D--F) Plasma low-density lipoprotein (LDL) cholesterol (D), liver triglyceride (E), and plasma free fatty acid (F) were measured at the end of the study. (G) Liver gene expression changes. (H and I) ipGTTs were conducted at the end of the study. (J and K) Fasting plasma glucose (J) and insulin (K) were also measured at the end of study. Two-way ANOVA followed by a Dunnett multiple comparisons test were used for (A), (B), and (H). One-way ANOVA followed by a Dunnett multiple comparisons test were used for panels (C)--(G) and (I)--(K). For all statistical analyses: \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001, \*\*\*\* *P* \< 0.0001.](js.2019-00004f7){#fig7}

Similar to its effect on acute food suppression, chronic treatment with acylated-OXT (2 μmol/kg, SC) suppressed food intake by 21%, resulting in 27.0 ± 1.0 g of total food consumption during the 14-day treatment compared with 34.3 ± 0.9 g of food consumption in the vehicle group ([Fig. 7B](#fig7){ref-type="fig"}). Although acute OXT^Gly^ (IP) treatment had a very modest effect on food consumption (see [Fig. 3C and 3D](#fig3){ref-type="fig"}), chronic treatment with acylated-OXT^Gly^ (2 μmol/kg, SC) suppressed food consumption by 14% and resulted in 29.4 ± 1.6 g of cumulative food intake, compared with vehicle, at the end of the study ([Fig. 7B](#fig7){ref-type="fig"}). Consistent with the observed weight loss, acylated-OXT and acylated-OXT^Gly^ caused significant fat mass reduction in DIO mice ([Fig. 7C](#fig7){ref-type="fig"}). Intriguingly, acylated-OXT^Gly^ treatment, but not OXT or acylated-OXT treatments, preserved lean mass ([Fig. 7C](#fig7){ref-type="fig"}), suggesting differential effects on lean mass metabolism between receptor-selective and nonselective OXT analogs.

The reduction of fat mass in OXT analog--treated mice was accompanied with significantly decreased plasma low-density lipoprotein cholesterol ([Fig. 7D](#fig7){ref-type="fig"}), liver triglycerides ([Fig. 7E](#fig7){ref-type="fig"}), and a trend toward lower plasma free fatty acid ([Fig. 7F](#fig7){ref-type="fig"}). Furthermore, changes in gene expression in the liver are consistent with weight loss and improved fat metabolism. Expression of FGF21, a metabolic hormone, was significantly increased in both the acylated-OXT-- and the acylated-OXT^Gly^--treated groups ([Fig. 7G](#fig7){ref-type="fig"}). Expression of the gluconeogenesis gene G6Pase was significantly decreased, whereas the expression of genes regulating glycolysis, PepCK and GCK, did not show significant changes in DIO mouse liver ([Fig. 7G](#fig7){ref-type="fig"}).

Finally, we conducted an ipGTT at the end of the 14-day treatment. To our surprise, none of the OXT analogs led to improvement of glycemic control after chronic treatment ([Fig. 7H](#fig7){ref-type="fig"}). On the contrary, acylated-OXT and acylated-OXT^Gly^ showed a modest increase in glucose level at the 60-minute time point during the GTT, and trended higher when measured as the glucose AUC ([Fig. 7H and 7I](#fig7){ref-type="fig"}). Additionally, fasting glucose trended higher in the acylated-OXT-- and the acylated-OXT^Gly--^treated groups compared with the vehicle group ([Fig. 7J](#fig7){ref-type="fig"}). Circulating insulin was significantly higher in mice treated with acylated-OXT^Gly^ compared with all other treatment groups ([Fig. 7K](#fig7){ref-type="fig"}).

Because vasopressin is known to regulate osmotic balance by modulating kidney function, we monitored serum electrolytes and biomarkers for kidney function. We found that serum potassium levels were significantly lower in OXT-treated mice, and even more so in acylated-OXT--treated mice, compared with vehicle treatment \[[@bib67]\]. In contrast, receptor-selective acylated-OXT^Gly^ treatment did not cause a statistically significant potassium decrease \[[@bib67]\]. Because V2 agonists are known to induce kaliuresis, leading to a reduced serum potassium level \[[@bib75], [@bib76]\], our results suggest that OXT and acylated-OXT activated V2 *in vivo*, whereas acylated-OXT^Gly^ is specific to OXTR and did not stimulate V2-mediated kaliuresis. Sodium was not affected in any of the treatment groups, whereas calcium and chloride were modestly affected \[[@bib67]\]. Kidney function appeared normal in all treatment groups as indicated by normal blood urea nitrogen and creatinine levels \[[@bib67]\].

3. Discussion {#s24}
=============

To date, most metabolic studies of OXT have been performed using the native OXT peptide, which has a very short half-life and activates vasopressin receptors to various extents. These properties limit the effectiveness of OXT and confound studies intended to ascertain the specific physiological role of the OXTR. To overcome these issues, we synthesized OXT analogs and identified those with a high degree of OXTR selectivity and those with both improved selectivity and pharmacokinetic properties. When tested *in vivo*, these novel OXTR-selective analogs showed a significant beneficial effect on acute glycemic control, whereas chronic dosing of these analogs caused weight loss and improved lipid metabolism without significant benefit in glycemic control. Our results unambiguously demonstrated the metabolic benefits of targeting the OXTR pathway.

OXT and vasopressin are both 9--amino acid peptides with an intrachain disulfide bond. They differ from each other at only two amino acid positions. OXT is 5- to 100-fold selective toward its native receptor compared with vasopressin receptors (V1a, V1b, and V2) ([Fig. 1](#fig1){ref-type="fig"}) \[[@bib62]\]. A few peptide analogs, most notably (Thr4, Gly7)-OXT (commonly referred to as TGOT) and carba-1-(4-FBzlGly7)dOT (Merotocin^®^), were reported to have achieved \>1000-fold selectivity \[[@bib62], [@bib77]\]. All of these selective peptide analogs replaced proline at position 7 with glycine. This amino acid change is the basis of our selective peptides OXT^Gly^ and acylated-OXT^Gly^, both of which achieved \>1000-fold selectivity ([Fig. 1](#fig1){ref-type="fig"}). Furthermore, these two peptides demonstrated receptor selectivity *in vivo* as evidenced by the absence of an effect on blood pressure \[[@bib67]\] or plasma electrolytes \[[@bib67]\] following short-term and chronic administration, respectively. Aside from peptide analogs, nonpeptide OXTR agonists such as WAY-267464 and TC OT39 also showed a high degree of OXTR selectivity. However, these small-molecule agonists have significantly decreased potency (EC~50~) and efficacy (*E*~max~) in OXTR *in vitro* assays \[[@bib67]\] (see also review by Manning *et al.* \[[@bib62]\]). Additionally, these small-molecule agonists either have poor solubility or require special formulation and have low bioavailability (\[[@bib78]\] and data not shown). Therefore, our long-acting and selective acylated-OXT^Gly^ is superior to current peptide and nonpeptide OXT analogs, as it exhibits strong potency, receptor selectivity *in vitro* and *in vivo*, preferable pharmacokinetics, is easy to formulate, and has a high degree of bioavailability.

Previous efforts have been made to extend the half-life of the OXT peptide. In particular, carbetocin (Duratocin^®^) offers protection against aminopeptidase degradation \[[@bib79]\], thereby extending half-life to 40 to 80 minutes \[[@bib70], [@bib80]\], compared with 3 to 10 minutes for OXT in various species \[[@bib70]\]. We did not find significant half-life extension for OXT^Gly^, which is based on the aminopeptidase-resistant OXT^Butyryl^ backbone \[[@bib67]\] ([Fig. 2](#fig2){ref-type="fig"}). This could be due to the relatively long timescale of our pharmacokinetic study that did not have the resolution to distinguish small differences in half-life. Recently, lipidated OXT peptides were reported to have a long half-life and sustained effects on maternal and social behaviors for up to 24 hours in rats \[[@bib81]\]. We experimented with attaching different lipid molecules (c18 diacid vs c16 monoacid) at distinct positions in the OXT peptide sequence (data not shown). Our approach allowed us to select for acylated peptides with the longest half-life while maintaining receptor activity and selectivity ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} and data not shown). Importantly, OXT secretion is regulated by feed-forward self-stimulation \[[@bib84]\]. Our current data have not addressed how prolonged exposure of OXT analogs (acylated-OXT and acylated-OXT^Gly^) would affect endogenous OXT secretion.

We showed that OXT acutely suppressed food intake, confirming numerous previous reports \[[@bib26], [@bib28], [@bib29], [@bib31], [@bib48]\]. In contrast, OXTR-selective OXT^Gly^ had a significantly reduced effect on food consumption whether injected peripherally or centrally \[[@bib67]\] ([Fig. 3](#fig3){ref-type="fig"}). We further showed that OXT's effect on acute food suppression is abolished in the presence of the V1a and V2 inhibitor conivaptan ([Fig. 3F](#fig3){ref-type="fig"}). Our results suggest that native OXT activates the vasopressin receptor pathway *in vivo*, which contributes to the acute anorexigenic effect in mice. Consistent with these results, vasopressin was found to suppress food intake in rats \[[@bib85]\], goats \[[@bib86]\], and trout \[[@bib87]\]. The anorexigenic response to vasopressin is likely secondary to the plasma osmolality imbalance mediated by V1 receptor activation \[[@bib85]\]. Interestingly, direct activation of vasopressin neurons in the paraventricular hypothalamus also acutely inhibited food intake in mice \[[@bib88]\]. Additionally, OXT-induced c-Fos expression in several brain regions that regulate appetite, including the paraventricular hypothalamus and nucleus of solitary tract, and was blocked by a vasopressin receptor (V1aR) antagonist (SR49059) \[[@bib89]\]. We also observed that mice receiving central OXT (ICV) showed clinical signs of behavioral distress, including high-pitched vocalization \[[@bib67]\] and excessive grooming \[[@bib67]\] during the first hour after injection. None of these behaviors was observed in either vehicle- or OXT^Gly^-injected mice \[[@bib67]\]. It is therefore likely that centrally administered OXT, but not OXT^Gly^, causes behavioral distress, which may be partially responsible for the observed decrease in acute food intake. Taken together, these findings suggest a role for both peripheral and central vasopressin receptors in OXT-mediated control of food intake and stress response.

We observed a transient increase of MAP in OXT-injected rats, but not in OXT^Gly^-injected rats, suggesting that vasopressin receptor activation by a nonselective OXT peptide contributed to a rise in MAP. Our result is consistent with a previous study showing a transient MAP increase minutes after IV OXT administration in rats \[[@bib69]\]. Interestingly, this and other studies found a sustained decrease in blood pressure following daily SC OXT injections in rats \[[@bib69], [@bib90]\]. In addition to dose regimen and duration, OXT also exhibited differential blood pressure effects in different species. For example, IV OXT is well documented to cause transient hypotension in humans \[[@bib91], [@bib92]\] and monkeys \[[@bib93]\], acute blood pressure increase in rats \[[@bib94]\], and no blood pressure change in rabbits \[[@bib93]). Furthermore, OXT showed either beneficial or detrimental myocardial effects in different preclinical and clinical models \[[@bib58], [@bib95]\]. As these studies used nonselective OXT peptides, it is not clear whether the OXT or the vasopressin pathway mediated the hemodynamic and cardiovascular outcomes. Because cardiovascular effect is an important aspect for metabolic therapeutics, our selective and/or long-acting OXT analogs offer a valuable tool kit to help dissect pathway contributions to cardiovascular health in preclinical studies.

We found that both OXT and OXT^Gly^ attenuated the rise in blood glucose during an acute GTT ([Fig. 4A and 4B](#fig4){ref-type="fig"}), suggesting that activation of OXTR, rather than vasopressin receptors, modulates blood glucose. Our result is strikingly similar to a recent clinical study showing that nasal OXT treatment acutely reduced blood glucose in human subjects \[[@bib51]\]. We further showed that OXT (2 mg/kg, IP) and OXT^Gly^ (2 mg/kg, IP) had a significantly stronger impact on glycemic control in obese mice than in lean mice ([Fig. 4C](#fig4){ref-type="fig"}). As the obese animals likely received higher dosages of OXT and OXT^Gly^ per lean mass compared with the lean animals, this may help explain the differential glycemic effects of OXT and its analogs in obese vs lean animals. Although clinical studies directly comparing the glycemic effect of OXT in humans with obesity vs lean humans have not been reported, one clinical study showed that OXT exhibited stronger suppression of food intake in human subjects with obesity, compared with lean human subjects, even though subjects with obesity received less nasal OXT per body weight \[[@bib35]\]. Interestingly, an increase of circulating OXT level in response to insulin injection was documented, and the rise in OXT was impaired in men with obesity compared with lean men \[[@bib98]\]. Together with these clinical observations, our results imply that OXT could have greater therapeutic efficacy in subjects with obesity, compared with lean subjects.

OXT and OXT^Gly^ modulate a combination of endocrine hormones and incretins, leading to the observed effect on blood glucose ([Fig. 5](#fig5){ref-type="fig"}). These peptides directly stimulated insulin secretion in isolated mouse but not human islets ([Fig. 6A and 6B](#fig6){ref-type="fig"}). This result is surprising because several studies demonstrated that OXT (IV or intranasal) led to an increased insulin level in human subjects \[[@bib49]\]. It is therefore likely that insulin secretion stimulated by OXT occurs indirectly in humans. In contrast, glucagon was consistently stimulated by OXT analogs, both *in vivo* in mice ([Fig. 5](#fig5){ref-type="fig"}) and *ex vivo* in isolated human islets ([Fig. 6](#fig6){ref-type="fig"}). A similar glucagon effect was reported in multiple species, including rats, dogs, and humans \[[@bib49], [@bib99], [@bib100]\]. In addition to insulin and glucagon, we also found a significant rise in circulating GLP-1 levels following OXT administration. This could be due to GLP-1 secretion from enteroendocrine cells triggered by the OXTR-expressing enteric neurons \[[@bib101]\], or, alternatively, via other systemic hormonal changes. An increase of circulating GLP-1 could indirectly contribute to the rise of insulin levels following OXT administration in humans. Overall, our results provide a comprehensive view of likely mechanisms by which OXT modulates blood glucose. Interestingly, OXT's effect on glycemic control appears to be context-dependent: OXT promotes blood glucose rise upon fasting, whereas it decreases blood glucose during hyperglycemia in human subjects \[[@bib49]\]. Future work is needed to further investigate how OXT induces changes in hormones and incretins depending on glycemic status.

In contrast to the acute glycemic benefits, we did not observe improved glucose tolerance in mice chronically treated with OXT, acylated-OXT, or acylated-OXT^Gly^ ([Fig. 7H](#fig7){ref-type="fig"}) even though treated mice had significant weight loss. The difference in glycemic effects between acute and chronic treatments may be due to receptor sensitization, chronic changes in glucose regulating hormones, or other compensatory mechanisms. Interestingly, conflicting glycemic effects by chronic OXT treatment were reported with some showing benefits \[[@bib24], [@bib26]\], whereas others found worsening of glucose tolerance \[[@bib53], [@bib54]\]. Further studies are needed to investigate the likely causes of discrepancy such as species and age difference, animal models (DIO vs genetic obese), methods of GTT (ipGTT vs oral GTT), and duration and dosage of OXT treatment, among others. In comparison with the inconsistent glycemic effects observed in the rodent studies, a clinical weight loss study with chronic nasal OXT treatment showed a trend toward improvement of postprandial glucose and insulin \[[@bib22]\].

We found significant weight loss in DIO mice treated with OXT analogs. In particular, the long-acting and nonselective acylated-OXT showed the most significant weight loss ([Fig. 7A](#fig7){ref-type="fig"}) when compared with native OXT, likely due to its superior pharmacokinetics ([Fig. 2](#fig2){ref-type="fig"}). Long-acting and selective acylated-OXT^Gly^ treatment also led to significant weight loss. However, the onset of weight loss following acylated-OXT^Gly^ treatment was slower than that observed with acylated-OXT treatment, suggesting a different mechanism of action. Intriguingly, acylated-OXT^Gly^ treatment resulted in the same amount of fat mass loss compared with acylated-OXT treatment, while preserving the lean mass ([Fig. 7C](#fig7){ref-type="fig"}). The possible engagement of vasopressin receptors and subsequent blood pressure rise \[[@bib67]\] and ion imbalance \[[@bib67]\] could explain the differential effects on acute food intake and chronic weight loss caused by OXTR-selective vs nonselective OXT analogs. Cholesterol and triglyceride lowering were similar between acylated-OXT and acylated OXT^Gly^. Taken together, these results suggest that selective activation of the OXTR pathway has benefits on lipid metabolism and weight loss, whereas potential vasopressin pathway activation by nonselective OXT analogs causes physiological stresses such as increased blood pressure \[[@bib67]\] and potassium ion imbalance \[[@bib67]\], leading to additional lean mass loss. A selective reduction in fat mass would provide clinically meaningful weight loss, and therefore the acylated-OXT^Gly^ could be a valuable tool for future clinical investigations. Finally, OXT has a sex-specific role in reproduction, and we remain cautious regarding the translation of our results to human obesity treatment as our studies were done exclusively in male animals.
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